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Abstract 
The back-projection algorithm coherently combines backscatter or tomography data to produce 
images. It has been widely used in the medical imaging field and for synthetic aperture radar 
imaging. With back-projection, the imaging process can be very time-consuming; therefore, in 
this effort we have presented a fast back-projection algorithm that provides significant 
computational savings with only modest loss in image quality. This paper introduces the back-
projection algorithm and two fast back-projection algorithms. In addition, this paper discusses an 
IQ balance method necessary in practice for calibration of hardware imperfections in a 
quadrature receiver. 
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Chapter 1: Problem Description 
In most lightweight unmanned aircraft systems, optical cameras are used to take images. 
However, optical imaging techniques have operation condition limitations. The 2018 Synthetic 
Aperture Radar (SAR) research team built an imaging radar that can operate on a lightweight 
unmanned air system (UAS). The imaging capability can provide vision when optical systems 
may fail, either at night, through smoke, or through the fog. The new technology could be useful 
for emergency response or security applications. An example ideal image of three reflectors is 
shown in Figure 1. The image resolution is limited by the bandwidth of the radar transmission 
and the sector of angles subtended by the synthetized aperture. Interest in the potential 
technology is evidenced by the equipment funds provided by local industry.    
 
Figure 1: The ideal simulated image 
The back-projection algorithm has been widely used in Synthetic Aperture Radar (SAR) imaging systems 
[2]. The traditional Back-projection algorithm has a large time cost when the image has high resolution, 
or when the image is constructed using large data sets. The color of each pixel in the image represents the 
signal intensity. The signal intensity is the summation of all the signal intensity from every SAR system 
7 
 
location along the flight path [5]. Therefore, to speed up the image forming process, the team used a fast 
Back-projection algorithm on the SAR imaging system. This technique may be used in real-time SAR 
systems in the future.  
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Chapter 2: Background 
Section: 2.1: Overall introduction of the SAR project 
Synthetic Aperture Radar (SAR) was implemented on a lightweight drone to provide large area 
vision with high resolution without the optical limitation.  By forming a large synthetic array, 
radar pulses are transmitted along the platform’s flight path to construct SAR image [2]. An 
image can be formed from the received echoes by solving a large set of linear equations relating 
echo times to distances.  Back-projection provides an approximate least-squares solution to this 
very, very large system of equations. 
The undergraduate research project reported in this thesis is a portion of a larger effort to build 
and demonstrate a lightweight airborne imaging system. One critical system requirement is the 
ability to form a high-resolution image when optical imaging fails. The SAR system block 
diagram is shown in Figure 3. The SAR system mainly contains four parts: a radar transceiver, 
Raspberry Pi control unit, GPS modules, and a drone (refer to Figure 2 and 3).  
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Figure 2: SAR system 
 
 
Figure 3: System block diagram [8] 
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Section: 2.2: Teamwork 
The project team is divided into four groups as shown in Table 1. In this project, I provided four 
contributions. First, I adapted existing back-projection algorithms to create SAR images using 
the radar echoes and GPS data recorded on the UAS,. Second, I developed and implemented a 
simulator for software testing of SAR imaging scenarios.  The first and second contributions 
were developed jointly with my team partner, Shiqi Yang. Third, I implemented an IQ balance 
program to correct the DC and phase offsets of the IQ data; these errors arise due to hardware 
imperfections in the quadrature demodulator. Fourth, I devised and implement a fast-
approximate algorithm for near real-time imaging. 
Group and group members Responsibility 
Platform: Joy Smith, Sarah 
Greenbaum 
Airframe, flight control, wireless control, experiment setup 
GPS: Brandi Downs GPS postponing, Drone flight 
Radar: Daniel Wharton Kalman Filter 
Imaging software: Shiqi 
Yang and Jingong Huang 
Data collection and image processing including Back-
projection, Auto-focus, and fast calculation algorithm  
 
Table 1: Subgroups and Tasks 
There are two ways to achieve fast back-projection [1]. The more common way is that the final 
image is divided into several parts to form sub-images. Each sub-image is constructed 
individually. Finally, all the sub images are added together to make a new image. The second 
way is to create several low-resolution sub-images. The low-resolution images can then be added 
together to create a final image. The second method was applied to this project. I also developed 
a new method to speed up the image construction process. 
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Section: 2.3: FAA, FCC, and OSU Regulation 
The whole project satisfied the requirements of the FAA and FCC regulations: 14 CFR Part 107, 
47 CFR Sections 15.205 and 15.521 (refer to Table 2). The drone was registered with the FAA, 
and the pilot Brandi Downs obtained a Remote Pilot Airman Certificate for a small UAS. To 
satisfy the OSU regulation, the SAR team has submitted an UAS Request Form and an Export 
Review Request Form, and permission has been granted.   The radar transceiver unit is operated 
on the band 9.6 to 10.0 GHz, in compliance with relevant regulations; operating the transceiver 
at a bandwidth greater than 500 MHz would subject it to FCC regulations on UWB radiators, 
which include a prohibition against ultra wide-band radiators on any aircraft. 
 
Table 2:FAA and FCC regulation 
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Chapter 3: Algorithm Description 
Section: 3.1: Back-projection 
The back-projection algorithm uses data gathered from a radar system. The team chose to use the 
Ancortek Radar 980 AD module. The Ancortek center operating frequency was 9.8 GHz with a 
bandwidth of 400 MHz. The collected echoes were in the frequency domain in the form of IQ 
data. By plotting the magnitude of a single echo in one dimension, the graph showed peaks 
which represented signal strength of the detected reflector. A Fourie transform converted the 
sampled IQ data to reflection versus distance (refer to Figure 4); then, each echo was mapped to 
every pixel of the image by adding the complex-valued echo value at a given distance to all 
pixels in the image at that distance from the transceiver location. The back-projection algorithm 
repeats this process for the signals received at each location (refer to Figure 5). Finally, the 
algorithm sums the mapped values in each pixel, resulting in a two-dimensional image (refer to 
Figure 1) [2][5].  
 
Figure 4: A single echo in one dimension is given by the Fourier transform of the received IQ data 
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Figure 5: Mapping samples to image grid 
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Section: 3.2: Fast back-projection 
 
For an  𝑁 × 𝑁 image, the fast back-projection reduces computation cost from 
 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑂(𝑁3) to 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑂(𝑁2𝑙𝑜𝑔2𝑁) through a divide and conquer approach 
[1], [4], [10].  Computation costs come from range calculation, interpolation, and summation 
operation times. 
The fast back-projection contains three main steps [6]. First, the algorithm separates the phase 
history into M parts (refer to Figure 6). Then the subparts of the phase history are used to form 
sub-images through a normal back-projection algorithm. Finally, the sum of the M sub-images is 
used to make an image (refer to Figure 7). The way to construct the final image is shown in 
figure 7. The M value in Figure 6 and Figure 7 are equal to 2 and the operation cost is 
𝑁3
4
 (refer 
to equation 1).   
Equation 1: Operation = 2 ×
N
2
×
N2
4
=
N3
4
 
 
Figure 6: Divided Phase History [6] 
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Figure 7: Construct final image [6] 
 
Compared to the traditional back-projection algorithm, this method can construct an image more 
quickly, but compromises image quality. Therefore, a new method was developed to construct a 
good quality image with fast construction speed. It provided better image quality than fast back-
projection and took less time to construct images than previous implementations of the back-
projection algorithm (refer to Figure 8). The operation cost of this algorithm is 
𝑁3
2
 (Refer to 
Equation 2).  
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2: 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 2 × 𝑁 ×
𝑁2
4
=
𝑁3
2
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Figure 8: Different image quality and time cost 
Instead of dividing phase history into several parts, the new fast back-projection algorithm 
separated the image grid used in the back-projection algorithm. Then the main function called 
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the back-projection function M times to form M sub-images. Finally, these sub-images were 
added to construct a final image (refer to Figure 7). 
Fast factorized back-projection algorithm is another image reconstruction method that has been 
widely applied to SAR imaging [10] [11]. Fast factorized back-projection (FFBP) contains two 
steps with a polar format for pixels. First, the algorithm divides the aperture and constructs sub-
images. Each sub-aperture allows construction of a coarser image with one half as image pixels 
in the angle dimension (refer to Figure 9).  Second sub-images are added with necessary phase 
factor and interpolation to make a finer resolution image at the next stage (refer to figure 10). 
The aperture partition can be repeated for up to 𝑙𝑜𝑔2𝑁 stages. The operation cost of fast 
factorized back-projection algorithm is 𝑂(𝑁2𝑙𝑜𝑔2𝑁). The saving is negligible for small image 
but can be two orders of magnitude for large images, e.g. With 8000 or more pules.   
 
Figure 9: The relationship between aperture angles integration number [10] 
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Figure 10:Process of fast factorized back-projection shown for one level of factorization  
A third fast back-projection approach is similar to FFBP but decimates range data at each stage 
to also reduce the number of pixels in the range direction at each stage.  This yields a quad-tree 
approach [12] [13]. 
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Section 3.3: IQ balance 
 
The IQ balance algorithm [9] was used as one of the functions in the back-projection 
code to provide better image quality. This IQ balance algorithm is used to correct the 
collected IQ data by SAR system. The IQ imbalance causes ghost peaks in conjugate 
symmetric location within the periodic 1D range line.  
IQ imbalance in radar transceivers is due to hardware imperfections. The IQ data 
collection can be expressed by a block diagram as shown in Figure 11. Because of the 
phase error and DC offset, the waveform changed from I(t) = A × cos (ωt)  and Q(t) =
A × sin(ωt) to 𝑦𝐼(𝑡) = 𝐴 × cos(𝜔𝑡) + 𝐵𝐼 and 𝑦𝑄(𝑡) = 𝐴 × 𝛽 × sin(𝜔𝑡 + 𝜑) + 𝐵𝑄. 
 
Figure 11: IQ data collection process [9] 
Let 𝑦′𝐼 be the average of 𝑦𝐼(𝑡) and 𝑦′𝑄 be the average of 𝑦𝑄(𝑡). The trigonometric 
identity function sin (a +  b)  =  sin(a) × cos(b)  +  cos(a) × sin(b) can be used to 
create the IQ matrix as shown in Equation 8 below. 
By substituting collected data into the function, the corrected data was produced (refer to 
Equations 3 to Equation 10) [9]. Figure 12 is a test of IQ balance function. The function 
could correct the raw data and made the corrected data match the ideal data. For radar 
sweep data, an alternative to Equations 3-9 for the IQ balance approach is given in [7] 
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Figure 12: IQ balance test example 
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Chapter 4: Experimental Results and Analysis  
Section 4.1: Experimental results 
Testing was done using an Ancortek Radar system with three reflectors on a soccer field (refer to 
Figure 13). A rail was used to collect data at 2cm intervals at 41 locations across a total aperture 
length of 0.8m. Reflectors were placed with the center of the aperture at (0,0) (refer to Table 3 
for locations). The bandwidth was 400 ∗ 106 𝐻𝑧 with the lowest frequency of each pulse at 9.6 ∗
109 𝐻𝑧. The number of samples per sweep was 1024.  
 
Figure 13:Radar system test with rail 
22 
 
Object (X,Y,Z) m 
1 (25, 0, 0.98) 
2 (10, 1, 0.98) 
3 (15, -1, 0.98) 
 
Table 3: Location of three reflectors 
An ideal simulated image was created with the back-projection algorithm on simulated data 
(refer to Figure 14). The reflector location in the image can be matched with known reflector 
locations.  
The collected data were used to create 100 1-D range lines from 100 pulse to test the accuracy of 
the experiment (refer to Figure 15). The three peaks in the image corresponded to the three 
reflectors. 
 
Figure 14: Simulated image of three reflectors 
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Figure 15: 1D image of the three reflectors 
Figure 16 is the experimental 2D Back-projection image with three distinguishable 
reflectors. Constructing this 2D image with the back-projection algorithm took 22.809 
seconds. Figure 17 is the 2D image of the three reflectors constructed by the new fast 
back-projection algorithm. This image formation took 17.223 seconds.  
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Figure 16: Three-reflector image constructed by back-projection algorithm 
 
Figure 17: Three-reflector image constructed by new fast back-projection algorithm 
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Section 4.2: Experiment result analysis  
  
Delta X 
Expected 
Delta 
X 
Image 
Error 
Delta Y 
Expected 
Delta 
Y 
Image 
Error 
Reflector 
1 to 2 
5.00 5.50 0.50 -2.00 -2.56 0.56 
Reflector 
2 to 3 
10.00 10.40 0.40 1.00 0.32 -0.68 
Reflector 
1 to 3 
15.00 15.90 0.90 -1.00 -2.24 1.24 
 
Table 4: Experiment result analysis 
Experimental measurement of the reflector locations is given in Table 4. The average amount of 
error in X and Y distances relative to expected values is 0.71m. The error may have been caused 
by a hardware offset, 𝑅0, or inaccuracies in the linear chirp causing errors in the delta f 
parameter which affected the output of the equation below. [2] 
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 9: 𝑅𝑎𝑛𝑔𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑅0 + 𝑛 ∗ 
𝑐
2
∗  
1
𝐷𝑒𝑙𝑡𝑎 𝑓
 
In the equation above, n is the FFT sample number, c is the speed of light, and 𝑅0 and delta f are 
shown in Figure 18.  
Errors in 𝑅0 and 𝐷𝑒𝑙𝑡𝑎 𝑓 are related to the physical device. Figure 18 is the ideal situation. With 
precisely known 𝐷𝑒𝑙𝑡𝑎 𝑓, after taking samples from the sweep, value of the 𝐷𝑒𝑙𝑡𝑎 𝑓 contain error. 
The equation can be rewritten as the following: 
𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 10: 𝑅𝑎𝑛𝑔𝑒 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 = 𝑅0 + 𝑛 ∗  
𝑐
2
∗  
1
𝐷𝑒𝑙𝑡𝑎 𝑓
+ 𝑛 ∗
𝑐
2
∗  𝑒𝑟𝑟𝑜𝑟 
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Figure 18: Ideal collected radar sweeps 
 
Expected 
(m) 
Range Line 
(m) 
Difference 
from Expected 
(m) 
7.00 8.17 1.17 
8.00 9.19 1.19 
9.14 10.81 1.67 
10.05 11.60 1.55 
10.05 11.33 1.28 
10.20 11.61 1.42 
15.03 17.19 2.16 
27.43 30.02 2.59 
36.58 39.89 3.31 
54.86 59.03 4.17 
 
Table 5: Various experimental results 
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Figure 19: Error analysis graph 
Based on different experiment data with different locations and reflectors, it was determined that 
the distance error increased linearly with reflector distances from the radar (refer to Figure 19 
and Table 5). In summary, errors in 𝑅0 𝑎𝑛𝑑 𝐷𝑒𝑙𝑡𝑎 𝑓 are conjectured to arise from the physical 
transceiver device and are consistent with the linear fit experimentally observed in Figure 19. 
Corrections to these parameters are easily incorporated into the imaging algorithm. 
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Chapter 5: Conclusion 
Three image reconstruction algorithms were used in the SAR project, all using Matlab. The SAR 
system successfully detected targets using each algorithm. A high-resolution 2D SAR image was 
constructed. The team produced images with three different levels of quality and image 
construction speeds to satisfy the requirement of the system user. Based on the simulation, 
experiment, and discussion of three SAR image construction algorithms, a tradeoff between 
image quality and image construction speed was found. High-quality SAR images cost more 
time to construct. When more sub-images were used in the fast back-projection, the time cost 
was less, and the image quality was worse. Image reconstruction included calibration of practical 
non-ideal characteristics of the transceiver:  IQ imbalance, stretch processing delay, and linear 
FM chirp rate. 
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Chapter 6: Appendices. 
Section 6.1 Back-Projection Main function MATLAB code 
 
Figure 20: Back-Projection Main function MATLAB code 1 
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Figure 21: Back-Projection Main function MATLAB code 2 
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Section 6.2: Fast Back-Projection Main function MATLAB code 
 
 
Figure 22: Fast Back-Projection Main function MATLAB code 1 
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Figure 23: Fast Back-Projection Main function MATLAB code 2 
 
Figure 24: Fast Back-Projection Main function MATLAB code 3 
  
35 
 
Section 6.3: New Fast Back-Projection Main function MATLAB code 
 
 
Figure 25: New Fast Back-Projection Main function MATLAB code 1 
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Figure 26: New Fast Back-Projection Main function MATLAB code 2 
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Figure 27: New Fast Back-Projection Main function MATLAB code 3 
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Section 6.4: Sub-functions: 
Back-projection function [5]: 
 
Figure 28: Back-Projection sub function 1 
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Figure 29: Back-Projection sub function 2 
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Construct phase data function: 
 
Figure 30: Construct Phase data function 
Set object function: 
 
Figure 31: Set Object function 
